Introduction 3 0
Viruses and mobile genetic elements (MGEs) are associated with organisms from all 3 1 branches of the tree of life (Koonin & Krupovic 2015) . In order to successfully infect their hosts, 3 2 viruses employ a variety of host-takeover programs that inhibit host activities while promoting 3 3 viral processes. Bacteriophages, or phages, are viruses that infect bacterial hosts and have 3 4 profound effects on bacterial fitness, as well as on human health and disease (Brüssow et al. phages like the lytic Escherichia coli phage T4 can express a variety of genes that mediate 4 1 host-cell takeover programs. T4 expresses genes that shut down and redirect host 4 2 transcriptional machinery to favor transcription of phage genes, as well as nucleases that 4 3 degrade the host chromosome to inhibit host gene expression as well as free up nucelosides 4 4 that are then incorporated into the rapidly replicating phage genome (Hinton et al. 2005; Warner 4 5 et al. 1970; Hercules et al. 1971 ).
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Paradoxically, phages also contribute to bacterial population diversity and complexity by 4 7 facilitating horizontal gene transfer (HGT) (Brüssow et al. 2004; Koskella & Brockhurst 2014) . In 4 8 addition to the well characterized mechanisms by which phages can spread bacterial genetic 4 9 Δ pexA Δ helA, we conclude that they are not genetic 1 7 1 escape phage but instead are able to overcome some aspects of PLE 1 activity through the loss 1 7 2 of both ICP1 A -encoded pexA and helA. 1 7 3
We next wanted to characterize the role of helA for ICP1 A function. HelA is detectable in 1 7 4 infected cells via Western blot within eight minutes of ICP1 A infection ( Figure 1D ), which is 1 7 5 consistent with the onset of ICP1 A replication initiation (Barth et al. 2019 ), suggesting that helA 1 7 6 may have a role in ICP1 A replication. As PLE 1 diminishes the level of ICP1 A replication (O'Hara 1 7 7 et al. 2017; Barth et al. 2019) , we hypothesized that PLE 1 hijacks HelA during infection as a 1 7 8 mechanism to interfere with ICP1 A replication. To test this hypothesis, we evaluated ICP1 A 1 7 9 Δ helA replication in the presence and absence of PLE 1 by qPCR. In contrast to plaque 1 8 0 formation, which requires multiple rounds of phage infection and replication to visualize a zone 1 8 1 of killing, qPCR allows for quantification of phage DNA replication in a single round of infection. 1 8 2
Consistent with the ability to form a plaque on PLE (-) V. cholerae, there are no deficiencies in 1 8 3 ICP1 A Δ helA replication relative to a wild-type phage over the course of the 20 minute infection 1 8 4 cycle ( Figure 1E ), indicating that helA is not essential for ICP1 A replication. Conversely, infection 1 8 5 of a PLE (+) V. cholerae host with ICP1 A Δ helA rescues ICP1 replication to the level that is 1 8 6 observed in a PLE (-) host ( Figure 1E ), suggesting that, while not necessary for ICP1 A , helA is 1 8 7 exploited by PLE 1 to interfere with ICP1 during infection. However, because ICP1 A Δ helA is not 1 8 8 Δ helA ( Figure 2C ). When PLE 1 replication was restored through ectopic 2 3 8 expression of helA, the reporter activity resulting from infection with ICP1 Δ helA was restored to 2 3 9 wild-type levels, demonstrating that PLE 1 copy number contributes to the global level of PLE 1 2 4 0 helA is necessary for PLE 1 replication during ICP1 infection (Figure 2A ), we next wanted to 2 4 7 understand how ICP1 A Δ pexA Δ helA is able to overcome PLE 1 ( Figure 1B ). Even when PLE 1 2 4 8 is challenged by ICP1 A Δ helA and is unable to replicate leading to transcriptional deficiencies, 2 4 9 PLE 1 is still able to excise from the V. cholerae chromosome and is more inhibitory than when 2 5 0 it is maintained in the chromosome, leading us to speculate that the position of PLE 1 in the cell, 2 5 1 either intra-or extrachromosomal, is important for its activity. Phages are known to encode 2 5 2 nucleases that attack the bacterial chromosome, freeing up nucleosides that can then be 2 5 3 incorporated into newly synthesized phage genomes (Warner et al. 1970) . Additionally, deep 2 5 4 sequencing of the total DNA in ICP1 infected V. cholerae cells shows that the proportion of 2 5 5 reads mapping to the V. cholerae chromosomes decreases over the course of infection (Barth 2 5 6 et al. 2019). This observation led us to hypothesize that nucleolytic activity encoded by ICP1 A , 2 5 7 deployed to degrade the V. cholerae chromosome during infection, is able to degrade PLE 1 2 5 8 when PLE 1 is stuck in the chromosome unable to replicate, allowing for ICP1 A to form some 2 5 9 small plaques on PLE (+) V. cholerae. To test this hypothesis, we made use of a minimal PLE 2 6 0 excision system, the miniPLE, that has the PLE 1-encoded integrase but lacks an origin of 2 6 1 replication ( Figure 3A ). Thus during infection, the miniPLE excises from the host chromosome 2 6 2 and circularizes, but does not replicate (McKitterick & Seed 2018) . To simulate an excision-2 6 3 deficient miniPLE, we created miniPLE CD , which possesses a point mutation in the catalytic 2 6 4 serine residue in the miniPLE-encoded integrase, making the integrase catalytically dead and 2 6 5 rendering the construct unable to excise from the chromosome ( Figure 3B ).
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Total DNA from ICP1 A miniPLE and miniPLE CD infected cells was digested, run on an 2 6 7 agarose gel, and the stability of the miniPLE was observed via Southern blot ( Figure 3C ).
6 8
During the course of ICP1 A infection, the miniPLE successfully excises from the V. cholerae 2 6 9 chromosome and is maintained as an episome. Conversely, the amount of miniPLE CD , which is 2 7 0 unable to excise from the chromosome, decreases by 20 minutes following ICP1 A infection 2 7 1 ( Figure 3C , bottom), relative to the amount of total DNA prepped from the cells ( Figure 3C , top), 2 7 2 suggesting that the copy number of miniPLE CD decreases as a result of ICP1 A infection.
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Quantification of miniPLE via qPCR further demonstrates that the excision-competent miniPLE 2 7 4 is maintained as a stable episome with no change in copy number during ICP1 A infection 2 7 5 ( Figure 3D ). In comparison, the miniPLE CD that is unable to escape the V. cholerae host 2 7 6 chromosome decreased in copy number during infection with ICP1 A , indicating that it is 2 7 7 susceptible to ICP1 A -mediated chromosomal degradation. Thus, not only is PLE mobilization 2 7 8 important for HGT (O'Hara et al. 2017; Barth et al. 2019 ), but it is also essential for PLE escape 2 7 9 from ICP1 takeover of the V. cholerae host. 2 8 0 2 8 1 Diverse SF1B helicases are maintained in ICP1 and contribute to ICP1 fitness 2 8 2 Due to the importance of PLE replication in PLE gene dosage and avoiding ICP1-2 8 3 mediated host takeover, we next hypothesized that ICP1 would evolve to abolish PLE 2 8 4 replication by accumulating mutations in the helA allele, indicative of co-evolution between the 2 8 5 two entities. To identify signatures of co-evolution, we examined HelA from sequenced isolates 2 8 6 of ICP1 that had been recovered from epidemic sampling in Dhaka, Bangladesh. HelA from 2 8 7 ICP1 isolated from epidemic sampling from 2001 to 2017 is over 99% identical at the amino acid 2 8 8 level indicating that there is either little pressure for HelA to evolve over time, or that HelA 2 8 9 mutations cannot be tolerated in nature (Table S6 ). Though there is no change in the ability of 2 9 0 ICP1 to replicate in a single round of infection in the absence of helA ( Figure 1E ), ICP1 A Δ helA 2 9 1 forms plaques that are on average 0.75 times smaller than wild-type phage plaques ( Figure 4A ).
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This size defect indicates that mutant phage are less fit in the absence of helA and supports the 2 9 3 notion that functional helA must be maintained by ICP1 in nature.
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Despite having a high degree of conservation, helA is not considered part of the core 2 9 5 ICP1 genome (Angermeyer et al. 2018): two phage isolates recovered from cholera patient stool 2 9 6 samples from Dhaka in 2006 do not encode helA, but instead have an alternative SF1B-type 2 9 7 helicase in the same locus, which we call helicase B (helB) ( Figure 4B ). HelB is 24% identical to 2 9 8 HelA, with a conserved P-loop ATPase domain, but HelB has an extended C-terminus that 2 9 9 contains a domain of unknown function, DUF2493 ( Figure S3A ). In addition to having low 3 0 0 sequence identity, helA and helB are flanked by different, unrelated genes each encoding 3 0 1 products with no predicted structure or function ( Figure 4B ), suggesting that while ICP1 is 3 0 2 unable to lose helA in nature in an attempt to avoid hijacking by PLE for replication, ICP1 may 3 0 3 swap helA for a distinct accessory helicase. 3 0 4
We then performed a BLASTP search of the National Center for Biotechnology 3 0 5
Information's nonredundant protein sequence database to identify the origin of helA and helB. 3 0 6
Homologs of HelA are commonly found in phages of marine bacteria, and, particularly, in a 3 0 7 group of related myoviruses that infect non-cholera Vibrios ( Figure S3B ). Of note, two of the 3 0 8
Vibrio phages were also predicted to encode a homolog of one of the proteins flanking HelA in 3 0 9 ICP1 A , indicating that the helA locus could have been shared with a common ancestor of these 3 1 0 phages. Conversely, HelB is more divergent, with the only identifiable homolog found in a 3 1 1
Pseudoalteromonas phage that is also predicted to have the same DUF2493 C-terminus. These 3 1 2
HelB proteins cluster on a more distant branch than the HelA homologs ( Figure S3B ), 3 1 3 supporting the hypothesis that helB was horizontally acquired by ICP1. Altogether, SF1B 3 1 4 helicases are readily found in marine phages, and ICP1 encoding helA are the dominant ICP1 3 1 5
shed by cholera patients in Dhaka between 2001-2017. 3 1 6
Most epidemic sampling of ICP1 from cholera patients has been done in the urban 3 1 7 cholera endemic site in Dhaka; however, we recently began sampling cholera patients at a rural 3 1 8 and estuarine site in Mathbaria, Bangladesh. In contrast to what was observed in ICP1 isolates 3 1 9
from Dhaka in the 2017 epidemic period, all the ICP1 isolates recovered from cholera patients in 3 2 0
Mathbaria encoded the helB allele ( Figure 4C ). One representative isolate from Mathbaria from 3 2 1 2017, referred to here as ICP1 B , is over 99.8% identical to ICP1 A across 90% of the genome, 3 2 2 with 205 of 227 ICP1 B predicted open reading frames being shared with ICP1 A . The resurgence 3 2 3 and dominance of helB in the Mathbaria epidemic sampling suggests that there could be a 3 2 4 selective advantage for ICP1 encoding helB rather than helA in this region. 3 2 5
As ICP1 B is not isogenic to ICP1 A , we first wanted to characterize the role of helB in 3 2 6 ICP1 B fitness. Similar to HelA, HelB is detectable by Western blot within 8 minutes of infection 3 2 7 ( Figure 5A ), again coinciding with ICP1 replication (Barth et al. 2019) . Also similar to helA, helB 3 2 8
is not essential for ICP1 B , and ICP1 B Δ helB is able to form plaques in the absence and presence 3 2 9 of PLE 1 ( Figure 5B ). Interestingly, ICP1 B Δ helB forms plaques on PLE (+) V. cholerae with a 3 3 0 higher efficiency than ICP1 A Δ helA, suggesting that ICP1 B has evolved other ways to limit PLE-3 3 1 mediated anti-phage activity. 3 3 2
We next wanted to see if ICP1 B replication was impacted by the helB deletion. In
helB is significantly impaired for replication during the 3 3 4 course of infection compared to wild-type ICP1 B ( Figure 5C ), indicating that although helB is not 3 3 5 necessary for ICP1 B replication, it does have a more central role in phage fitness. Consistent 3 3 6 with the observation that PLE 1 decreases the ability of ICP1 A to replicate ( Figure 1E ), 3 3 7 replication of ICP1 B , too, is impacted negatively by PLE 1; however, ICP1 B Δ helB does not 3 3 8 restore the ability of ICP1 B to replicate in the presence of PLE 1 ( Figure 5C ), demonstrating a 3 3 9 more severe fitness effect associated with losing the accessory helicase on ICP1 B than on 3 4 0 ICP1 A independent of the presence of PLE 1.
4 1
To confirm the role of helB in diminished ICP1 B fitness, we next ectopically expressed 3 4 2 helB to complement the mutant phage. However, we could not complement the replication 3 4 3 defect for ICP1 B Δ helB by ectopic expression of helB, suggesting that the observed decrease in 3 4 4 ICP1 fitness may not be due to direct loss of the helB gene product ( Figure 5D ). To minimize 3 4 5 potential polar effects of Δ helB, a targeted mutation was made to remove 25 amino acids 3 4 6 encompassing the helicase domain (HD) that contains the Walker A motif necessary for ATP 3 4 7 hydrolysis (Blair et al. 2009 ). While ICP1 B helB Δ HD had increased phage replication relative to 3 4 8 the clean helB deletion, there was still a defect in replication that could not be complemented 3 4 9 ( Figure 5D ), suggesting that ectoptic expression may not be able to achieve the appropriate 3 5 0 timing or dosage of helB expression, or that the fitness cost is not a result of loss of HelB per se. 3 5 1
Due to the complex nature of phage genomes and tight regulation of phage gene expression, 3 5 2 disruption of even the HD domain of helB could have detrimental effects on uncharacterized in 3 5 3 cis sites that could contribute to poor fitness. The fitness defect associated with mutant helB 3 5 4 was also observed as a decrease in plaque size, with both ICP1 B Δ helB and ICP1 B helB Δ HD 3 5 5
forming plaques that are, on average, less than 0.66 times the size of ICP1 B ( Figure 5E ). 3 5 6
Altogether, ICP1 B is less fit in the absence of helB, consistent with the observation that all 3 5 7 natural ICP1 isolates encode one of two SF1B-type helicases, either helA or helB. 3 5 8 3 5 9 PLE exploits phage-encoded distinct SF1B-type helicases to drive replication during 3 6 0 ICP1 infection 3 6 1
Given that PLE 1 replication requires helA (Figure 2A ), and ICP1 with helB are dominant 3 6 2 in Mathbaria, we were tempted by the possibility that phage with helB could be selected for as a 3 6 3 mechanism to impede PLE 1 replication during infection. Hence, we next assessed if helB could 3 6 4 also support PLE 1 replication. Consistent with the inverse relationship between ICP1 and PLE 3 6 5 1 replication, PLE 1 still replicated when infected with ICP1 B , and as with Δ helA, PLE 1 3 6 6 replication was not observed in the absence helB ( Figure 6A ), indicating that helB is also 3 6 7 necessary for PLE 1 replication despite HelB having less than shared 25% shared amino acid 3 6 8 identity with HelA ( Figure S3A ). Further, ectopic expression of helB complemented the defect in 3 6 9 PLE 1 replication observed during infection with ICP1 B Δ helB, and ectopic expression of helA 3 7 0 was likewise sufficient to restore PLE 1 replication during infection with ICP1 B Δ helB ( Figure  3 7 1 6A). These data demonstrate that PLE 1 is able to harness either ICP1-encoded accessory 3 7 2 helicase independent of the ICP1 isolate that is infecting the host. Additionally, the shared ability 3 7 3 of these non-isogenic ICP1 isolates to drive PLE 1 replication implicates functionally conserved 3 7 4 gene products in ICP1 isolates, in addition to helA and helB, that are required for PLE 1 3 7 5
replication. 3 7 6
Similar to helA, we next used ICP1 B Δ helB to probe for midiPLE replication following 3 7 7 ectopic expression of repA. As expected, midiPLE replicated when infected with ICP1 B but failed 3 7 8 to replicate in the absence of helB, indicating that helB is also directly involved in PLE 1 3 7 9 replication ( Figure 6B ). Like helA, helB is also not sufficient to stimulate PLE 1 replication in the 3 8 0 absence of ICP1 B , showing that PLE 1 is still dependent on additional replication machinery 3 8 1 from ICP1 B . We additionally confirmed that the ability of HelB to hydrolyze ATP is required for 3 8 2
HelB to facilitate PLE 1 replication by testing the ICP1 B helB Δ HD variant, and, as anticipated, 3 8 3 the helicase activity of helB is necessary for PLE 1 replication ( Figure 6C ). 3 8 4 replicated equally well ( Figure S4 ). Next, we determined that helA is necessary for replication of 3 9 0 all five PLEs during ICP1 A infection and that replication can be complemented with ectopic 3 9 1 expression of helA ( Figure 6D ). To evaluate if each PLE can additionally use helB to support 3 9 2 replication, we also complemented ICP1 A Δ helA with ectopic expression of helB and found that 3 9 3 in fact all five PLEs can use either one of the two ICP1-encoded accessory helicases for 3 9 4 replication. 3 9 5
As current data supports the model that PLE responds specifically to ICP1 infection 3 9 6 (O'Hara et al. 2017; McKitterick & Seed 2018) , we next wanted to determine if PLE's capacity to 3 9 7 exploit either helA or helB to drive PLE replication is specific to ICP1-encoded proteins or in 3 9 8 general to SF1B-type helicases. To address the specificity of the interaction, we ectopically 3 9 9 expressed the SF1B-type helicase dda from E. coli phage T4 during infection with either ICP1 A 4 0 0 Δ helA or ICP1 B Δ helB. T4 Dda is only 16% identical to either HelA or HelB and does not group 4 0 1 with the marine phage SF1B-type helicases ( Figure S3B ). Although PLE 1 cannot replicate 4 0 2 while infected with either of these Δ hel phage alone ( Figures 6A and 6D) , expression of dda 4 0 3 was sufficient to support PLE 1 replication in the absence of ICP1-encoded accessory helicases 4 0 4 ( Figure 6E ). Despite the apparent specificity between PLE and ICP1, the ability of PLE to exploit 4 0 5 a variety of phage-encoded accessory helicases reveals flexibility in at least one requirement for 4 0 6 PLE replication, and suggests that swapping of helicase alleles by ICP1 isolates is not a 4 0 7 beneficial strategy to mitigate PLE parasitism. that is unique to phages. Host chromosome degradation has a twofold benefit for the predatory 4 1 8 phages: it cleaves and releases nucleosides that can be incorporated into the rapidly replicating 4 1 9 phage genome, and it can also destroy the template needed for expression of anti-phage genes 4 2 0 encoded by the bacterial host. With the imminent shutdown of the host upon phage infection, it 4 2 1
is not surprising to find that many bacterial defense systems, such as restriction-modification 4 2 2 and some CRISPR-Cas systems, are expressed constitutively. By balancing the ability to 4 2 3 discern between self and non-self, these systems are safely deployed in the absence of 4 2 4 infection. Conversely, more self-destructive defense mechanisms, such as toxin/antitoxin 4 2 5 systems and abortive infection systems cannot be constitutively active due to lethal outcomes 4 2 6 and must be induced upon infection. Thus, for an inducible defense system like PLE, and 4 2 7 perhaps many phage parasites, mobilization to evade host shutdown is critical. When PLE is 4 2 8 unable to replicate or excise from the chromosome, it no longer fully blocks plaque formation by 4 2 9 ICP1 and is susceptible to ICP1-mediated degradation of V. cholerae's chromosomes. 4 3 0
As a defense island and phage parasite of ICP1, the V. cholerae PLE has become highly 4 3 1 evolved to make use of phage-encoded gene products to drive its anti-phage program 4 3 2 (McKitterick & Seed 2018) . Here, we characterize a new ICP1-PLE interaction: PLE hijacks a 4 3 3 non-essential ICP1-encoded SF1B-type helicase to drive PLE replication during infection, 4 3 4 making PLE the first characterized phage satellite that makes use of replication machinery 4 3 5 encoded by its helper phage. In comparison, the well-studied SaPIs make use of their bacterial 4 3 6 host's replication machinery and are able to autonomously replicate in the absence of helper 4 3 7 phage (Úbeda et al. 2008). PLE's unique requirement for the phage-encoded helicase also 4 3 8 underscores the differences between the helper phages that induce these chromosomal islands, 4 3 9 with PLE being induced by a lytic phage that encodes its own replication machinery and SaPIs 4 4 0 being induced by an activated temperate phage that also exploits its host-encoded replication 4 4 1 Despite not being essential, all ICP1 isolates encode an accessory SF1B-type helicase, 4 5 2 as do several marine phages ( Figure S3B ) (Kauffman et al. 2018) . Of note, one of these marine 4 5 3
Vibrio phages is also predicted to encode a complete Type 1-F CRISPR-Cas system, which is 4 5 4 of the same type that is encoded by some isolates of ICP1 to target and overcome PLE activity 4 5 5 (Seed et al. 2013; McKitterick et al. 2019 ), suggesting that ICP1 could be exchanging genetic 4 5 6 material with or could be related to these marine phages infecting non-cholera Vibrios. The 4 5 7 fitness costs associated with losing the accessory SF1B-type helicase, as measured by plaque 4 5 8 size, implicate both helA and helB in maintaining optimal phage fitness, though the precise role 4 5 9 for these accessory helicases in the phage lifecycle remains to be determined. The ease with 4 6 0 which PLE is able to make use of ectopically expressed helB compared to the inability of 4 6 1 ectopically expressed helB to complement the ICP1 B Δ helB replication deficiency suggests that 4 6 2 these helicases play a specialized role in the phage lifecycle that is more complex than for PLE. 4 6 3
Due to the variability between ICP1 isolates, we see that PLE has evolved to make use 4 6 4 of not just two unrelated ICP1-encoded helicases, but also of T4 dda, the prototypical but 4 6 5 unrelated SF1B helicase. The ability of PLE to replicate using several dissimilar helicases 4 6 6 implicates strong evolutionary pressures for maintenance of PLE replication in response to ICP1 4 6 7 evolution. While helA is only one of the seemingly wide variety of ICP1 inputs that contribute to 4 6 8 PLE activity, SaPIs have similarly evolved to overcome variability in helper phage induction 4 6 9 cues (Bowring et al. 2017) . The apparent promiscuity of the SaPI master repressor allows for 4 7 0 recognition of structurally dissimilar but functionally conserved phage proteins to ensure SaPI 4 7 1 excision, replication and spread, despite their helper phage's attempts to avoid SaPI induction. 4 7 2
It is also imperative for PLE to be able to make use of either one of the ICP1-encoded helicases 4 7 3 to continue PLE propagation through epidemic V. cholerae populations, thus selecting for PLE 4 7 4 genes that are able to make use of dissimilar helicases despite the capacity of ICP1 to swap 4 7 5 one helicase for another. 4 7 6
The striking spatial separation between the ICP1 A and ICP1 B populations that were shed 4 7 7 by cholera patients in Bangladesh during the same epidemic period suggests that slight 4 7 8 variations in the phage strain, such as the difference between helA and helB, can have large 4 7 9 differences in the makeup of phage populations. Indeed, the ability of ICP1 B to the ability of genomic islands to mobilize during infection and escape phage-mediated host 4 9 2 takeover, with the potential of horizontal transfer or the ability to escape from a dying host as an 4 9 3 added benefit. Through experimental and in silico validation, more phage defense islands have 4 9 4 been identified and characterized, albeit often in a context independent from infection by a 4 9 5 native phage. Given the propensity of some phages to degrade their host chromosome during 4 9 6 infection and the need for protective MGEs to escape host takeover, it will be interesting to 4 9 7 further explore if other inducible defense islands mobilize in response to phage infection and are 4 9 8 in fact unrecognized phage satellites. Bangladesh, Canada, Sweden, and United Kingdom for providing core/unrestricted support. We 5 0 8 also wish to thank members of the Seed Lab for helpful discussions, and Angus Angermeyer, 5 0 9 specifically, for help with the annotation/computational analyses. The data supporting the study are found in the manuscript, supplementary information, or from 7 5 8 the corresponding author upon request. 7 5 9 Table S8 . 
